Various studies indicate that high-resolution oxygen A-band spectrum has the capability to retrieve the vertical profiles of aerosol and cloud properties. To improve the understanding of oxygen A-band inversions and utility, we developed a high-resolution oxygen A-band spectrometer (HABS), and deployed it at Howard University Beltsville site during the NASA Discover Air-Quality Field Campaign in July, 2011. By using a single telescope, the HABS instrument measures the direct solar and the zenith diffuse radiation subsequently. HABS exhibits excellent performance: stable spectral response ratio, high signal-to-noise ratio (SNR), high-spectrum resolution (0.016 nm), and high out-of-band rejection (10 −5 ). For the spectral retrievals of HABS measurements, a simulator is developed by combining a discrete ordinates radiative transfer code (DISORT) with the High Resolution Transmission (HITRAN) database HITRAN2008. The simulator uses a double-k approach to reduce the computational cost. The HABS-measured spectra are consistent with the related simulated spectra. For directbeam spectra, the discrepancies between measurements and simulations, indicated by confidence intervals (95 %) of relative difference, are (−0.06, 0.05) and (−0.08, 0.09) for solar zenith angles of 27 and 72 • , respectively. For zenith diffuse spectra, the related discrepancies between measurements and simulations are (−0.06, 0.05) and (−0.08, 0.07) for solar zenith angles of 27 and 72 • , respectively. The main discrepancies between measurements and simulations occur at or near the strong oxygen absorption line centers. They are mainly due to two kinds of causes: (1) measurement errors associated with the noise/spikes of HABS-measured spectra, as a result of combined effects of weak signal, low SNR, and errors in wavelength registration; (2) modeling errors in the simulation, including the error of model parameters setting (e.g., oxygen absorption line parameters, vertical profiles of temperature and pressure) and the lack of treatment of the rotational Raman scattering. The high-resolution oxygen A-band measurements from HABS can constrain the active radar retrievals for more accurate cloud optical properties (e.g., cloud optical depth, effective radius), particularly for multi-layer clouds and for mixed-phase clouds.
Introduction
Oxygen A-band (759-770 nm) is one of the most prominent near-infrared features in the atmospheric spectrum. It has been studied extensively for remote sensing from satellite measurements to ground-based measurements (Grechko et al., 1973; Mitchell and O'Brien, 1987; Fischer and Grassl, 1991; O'Brien and Mitchell, 1992; Harrison and Min, 1997; Pfeilsticker et al., 1998; Stam et al., 1999; Min and Harrison, 1999, 2004; Portmann et al., 2001; Koelemeijer et al., 2001; Min et al., 2001 Min et al., , 2004a Min and Clothiaux, 2003; Kokhanovsky et al., 2006a, b; Boesche et al., 2006 Boesche et al., , 2009 Min, 2010, 2013) . Oxygen is a well-mixed gas in the atmosphere; the pressure dependence of oxygen A-band absorption line parameters provides a practical way for retrieving photon path length distributions and vertical information of aerosols and clouds (Harrison and Min, 1997; Pfeisticker et al., 1998; Veitel et al., 1998; Min and Harrison, 1999, 2004; Portmann et al., 2001; Min et al., 2004a; etc.) . However, except for a Published by Copernicus Publications on behalf of the European Geosciences Union.
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few sensors, such as Fourier transform spectrometer (FTS) in the Greenhouse gases Observing SATellite (GOSAT, Kuze et al., 2009) , most of routine measurements of oxygen Aband spectra are from low-or moderate-resolution spectrometers. As discussed in Min and Clothiaux (2003) , the low-or moderate-resolution oxygen A-band spectra only can provide two independent retrieved parameters of photon path length distribution.
In principle, high-resolution oxygen A-band spectra can discriminate atmospheric scattering from surface scattering, and thus provide a better remote-sensing technique to retrieve cloud and aerosol macrophysical/microphysical properties Stephens, 2000, 2002; Min and Harrison, 2004; Stephens et al., 2005) . As stated in Min and Harrison (2004) , with highresolution oxygen A-band measurements, four or five independent pieces of information can be obtained, depending on the instrument resolution, the out-of-band (OOB) rejection, and the Signal-to-Noise Ratio (SNR).
To understand oxygen A-band inversions and utility, we developed a high-resolution oxygen A-band spectrometer (HABS) with polarization capability. It was deployed at Howard University Beltsville Campus (HUBC) in Maryland during the NASA Discover Air-Quality Field Campaign in July, 2011. This paper specifically reports on the development of the HABS and its spectral performance. We evaluate the spectral performance of HABS through radiation closure by comparing HABS-measured spectra with simulated spectra. The simulation of high-resolution oxygen A-band spectrum is based on our HABS simulator that combines the discrete ordinates radiative transfer (DISORT) model (Stamnes et al., 1988) with the High Resolution Transmission (HITRAN) database HITRAN2008 (Rothman et al., 2009) . More importantly, all key model inputs are based on the collocated measurements during the field campaign. In particular, aerosol optical properties are derived from a Multi-Filter Rotating Shadowband Radiometer (MFRSR) and a Raman lidar. MFRSR provides measurements of spectral solar radiation and retrieved aerosol and cloud optical properties (Min and Harrison, 1996; Min et al., , 2004b Min et al., , c, 2008 . Raman lidar has the ability to measure the vertical profiles of aerosol scattering ratio at high time resolution and height resolution (Connell et al., 2009 ). This paper is organized as follows. Section 2 provides the instrument design and its characteristics and performance; Sect. 3 describes a fast and accurate HABS simulator and HABS measurement simulations; Sect. 4 discusses the comparisons of HABS measurements with model simulations for radiation closure; Sect. 5 elaborates the potential applications of HABS and our research plan about it in the near future; Sect. 6 provides a brief summary and some concluding remarks.
Instrument design and its performance

Instrument design
The HABS, shown in Fig. 1 , was developed by the Atmospheric Science Research Center (ASRC) of State University of New York at Albany. It consists of an altazimuth tracker fore-optics, a high-resolution grating monochromator, a high-performance charge-coupled device (CCD) assembly, and a temperature controlling system.
A sketch of the HABS optics is shown in Fig. 2 . Through a telescope with a field of view (FOV) of 2.71 • and a pair of total reflection prisms, the elevation-azimuth sun tracker can track the sun or point to the zenithal direction automatically. This fore-optic enables to measure both direct beam and diffuse radiances using the same system. Since the photon path length distribution is known for direct beam radiance (e.g., a δ function), the direct beam measurements can be used to assess instrument features and absorption line parameters with simple Beer's law. The direct beam measurements can also be used to directly construct the retrieval kernels (Rodgers, 2000; Min and Clothiaux, 2003 ). The well-tested instrument functions and line parameters or the constructed retrieval kernels from direct beam measurements are readily used for the retrievals from diffuse radiance measurements.
The grating monochromator consists of a high line-density grating (1800 grooves per mm) and two long focal-length mirrors with focal lengths of 32 inches and 38 inches. It provides high-resolution spectrally resolved direct-beam and zenith diffuse radiance on a CCD array (1024 × 256), covering the entire oxygen A-band from 759 to 769 nm. The spectrometer is equipped with a high performance CCD camera (Horiba Scientific Synapse 1024 × 256 CCD detector). The CCD area of the system is thermoelectrically cooled to −70 • C to reduce the readout noise. The CCD array works at two modes: (1) image mode for grating spectrometer assembling; and (2) spectrum mode for the instrument performance testing (Sect. 2.2) and solar radiation measurements (Sect. 2.3), in which every column of pixels are combined to one pixel and the CCD array works as a linear CCD (1024 × 1). The whole optical system is housed in an enclosure to maintain temperature stability and to protect it from the weather. As a high-resolution spectrometer, the instrument is sensitive to the environment temperature, which can result in the spectrum wavelength shifting (Platt and Stutz, 2008; Li and Min, 2012) . Because each pixel measures different portions of the absorption spectrum, a shifting wavelength mapping of the spectrum will bring in errors to the retrieval processes. In order to alleviate these errors, a temperature controlling system is implemented into the instrument, which consists of a temperature controller, temperature sensors, fans, heaters, and a water cooling subsystem (not shown here). This temperature controlling system can keep the HABS inner temperature stable within 0.1 • C. It helps to restrain the spectrum shifting and protect the instrument components from outside temperature variations.
In the fore-optic module of HABS, two filters are used to suppress radiation outside the band, and an electronic shutter is used to control the time of exposure. A filter wheel in the fore-optic enables six modes: open mode, diffuser mode, and four polarizer modes with different orientations (i.e., 0, 45, 90, and 135 • ), as shown in Fig. 2 . The diffuser mode is used for direct-beam measurements, to reduce the signal and fill up the slit of the spectrograph. Due to the small FOV (2.71 • ) of the instrument, if no cloud (or only very thin clouds) exists in the sun-sensor direction, the diffuse photon is ignorable compared to the sun direct beam. The open mode and four polarizer modes are used for zenith diffuse measurements. In the open mode, the incident light can pass through the filter wheel directly without any optical components. The polarizer modes enable to measure the degree of polarization in the atmosphere, which enhances retrieval capability of oxygen A-band spectroscopy. As the grating and mirrors have polarization-dependent reflectivity properties, neglect of such an instrument's polarization sensitivity can lead to errors of several tens of percent in the values of radiance measured at wavelengths where the instrument's polarization sensitivity is highest (Natraj et al., 2007; Hovenier, 2005; Levy et al., 2004; Schutgens and Stammes, 2003; Oikarinen, 2001; Lacis, 1998; Mishchenko et al., 1994; Charles and Kattawar, 1994) .
The four polarizer modes can be used to derive the degree of polarization (DOP) for the oxygen A-band spectra, through Eqs. (1)- (5) (Berry et al., 1977; McMaster, 1954 McMaster, , 1961 :
where we choose a Cartesian coordinate system (x, y, z) to indicate the light propagation. E x and E y are the electric field components in the x and y directions, perpendicular to the direction of light propagation z. I (0 • ), I (45 • ), I (90 • ), and I (135 • ) are HABS-measured polarized radiances under different polarization modes. I , Q, U and V are the four Stokes parameters (Van de Hulst, 1957) , in which V component is 0 based on current instrument measurements (Eq. 4); and DOP is the derived degree of polarization. The measurement of polarization of oxygen A-band spectra improves the retrieval ability for aerosols and ice clouds (Hansen and Travis, 1974; Bréon and Colzy, 2000; Deuzé, et al., 2000 Deuzé, et al., , 2001 Chowdhary et al., 2001 Chowdhary et al., , 2005 etc.) .
Instrument performance
As stated previously, before the incident light arrives at the entrance slit of grating spectrometer, it passes through a pair of prisms, two bandpass filters, and one of the filter wheel channels. This modulates the spectral shape of the incident light, which can be presented by a "filter function". To obtain the response of the overall filter function, we use the Gamma Scientific's Model 5000 FEL 1000-Watt lamp source to provide the reference spectrum. The spectral response ratios of HABS-measured spectrum and the reference spectrum at different channels of filter wheel are shown in Fig. 3 . In this study, these response functions are measured many times during long-term in-lab experiments and field observations, and they changed very little, suggesting very stable performance of the HABS. The spectral response ratios are crucial for the recovery of modulated measured spectral shape, which impacts the accuracy of the spectral intensity and normalization directly.
As discussed in Min and Harrison (2004) , the slit function is crucial for evaluation of spectrometer performances. The slit function of the HABS was once obtained using an Ar lamp (763.511 nm) and used for wavelength registration study (Li and Min, 2012) . However, some contamination of other weak emission lines of the Ar lamp may contribute to the stray light of the slit function. In this study, we used a laser diode DFB-763 (763.0 nm) to measure the slit function. As shown in Fig. 4 , the full width at half maximum (FWHM) is about 1.55 pixels or 0.016 nm (about 0.26 cm −1 at oxygen A-band), which is narrower than the Ar lamp measured one (i.e., 1.85 pixels or 0.019 nm or 0.30 cm −1 ). The OOB rejection (at about 5 nm distance from the slit function maximum) is about 10 −5 , similar to the Ar lamp measurement. Similar to the spectral response ratios, the slit function changed very little during the long-term experiments. The slit function is vital important for the simulation of instrument measurements (see Sect. 3).
The SNR is determined by both read-out and photon electron shot noise, the latter being Poisson distributed. When the signal is weak, such as the signal near a strong absorption line center, the read-out noise (and Poisson noise of dark signal) dominates. Due to the low temperature (about −70 • C) of the CCD module, the standard deviation (SD) of readout noise for CCD pixels is less than 5 counts, and their mean value is about 3 counts. Figure 5 shows one case of the SNR that measured at solar zenith angle (SZA) of 31 • . It is estimated based on 24 consecutive measurements, in which each exposure is 0.25 s. This method assumes the reference source (solar direct beam) is constant during this short period (< 10 s). By comparing the mean measurement value and the standard deviation of measurement noise, the SNR can be obtained. The minimum SNR is 78 and 111 in R (left) and P (right) branches (Spiering et al., 2010) , respectively. The signal strength depends on solar zenith angle and sky conditions, so does the SNR. To obtain the best SNR, the exposure time is automatically adjusted based on the strength of incident solar radiation. It is implemented by taking two measurements consequently: (1) the first measurement, which only takes very short exposure time to estimate the strength of incident solar radiation; (2) the second measurement, measured with the optimal exposure time estimated from the amplitude of the first measurement. Furthermore, to remove the detector offset caused by dark current, every time before the solar radiation measurement, we will measure the dark current firstly. Subtracting the dark current from the original measured solar spectrum, we obtain the exact signal of measured solar spectrum. In this spectrometer the FWHM of the slit function is 0.016 nm, thus measurements of sharply structured absorption features are very sensitive to small spectral shifts. For HABS, the impact of wavelength shift has been extensively discussed by Li and Min (2012) . Even if a very small wavelength shift (e.g., 0.001 nm) occurs, the distribution of oxygen absorption optical depth contributing to the absorption line center will change significantly. To reduce the error induced by the wavelength shift, Li and Min (2012) developed a self-calibrating wavelength registration method. This method can accurately register each measured spectrum individually and fast, with a wavelength registration error that is within 0.0001 nm. In this study, we used this method to make wavelength registration.
HABS measurements
We deployed the HABS at HUBC during the NASA Discover Air-Quality Field Campaign in July, 2011. During this field campaign, many instruments (e.g., MFRSR, Raman lidar, sonde balloon, etc.) worked together to observe the air-quality, aerosol and cloud properties. Figure 6a shows HABS-measured oxygen A-band direct beam spectra and the related zenith diffuse spectra (at open mode) under clearday situations. Figure 6b shows two HABS-measured oxygen A-band zenith diffuse spectra (at open mode) for thick clouds and cirrus clouds, respectively. It is clear that the primary absorption lines in P branch are resolved. It is worthy to mention that in Fig. 6 and other figures in the following sections, the spectra are represented as normalized radiance, which can better indicate the absorption characteristics in O 2 A-band. The normalized radiance is calculated by dividing the original measured/simulated radiance with the spectrum baseline. The latter is derived by the measured/simulated radiance at the shoulders of the O 2 A-band (without oxygen absorption), for example, at about 759.4 and 768.8 nm, which have the best SNR and are insensitive to spectrum shifting. They are only impacted by the column integrated atmospheric optical depth, and less sensitive to the vertical distribution of aerosol and cloud optical properties. Figure 7 shows one case of the measured high-resolution oxygen A-band spectra of zenith diffuse radiation for four polarizations. It was measured at 13:08 UTC on 26 July, 2011. In this case, no cloud exists; SZA is 56 • , and the MFRSR-derived AOD (at 760 nm) is about 0.04 (Fig. 8b) . Obviously, the spectra measured under polarization modes are smaller than under the open mode and vary significantly with polarizer orientations. The derived DOP spectrum, shown in Fig. 7b , exhibits polarization characteristics associated with oxygen absorption lines. As shown in Eqs. (1)- (5), DOP is derived through subtractions among four spectra. The residuals are extremely sensitive to the signal-to-noise ratio (SNR) of spectrometer. Weak signals and low SNRs at the strong absorption line centers could result in some noise in the DOP spectrum. Additionally, slight shifts of wavelength associated with different spectra could also result in spikes in the DOP spectrum. Again, those spikes are at or near the strong absorption line centers, as a result of the combined effect of weak signals, low SNRs, and slight wavelength shifts. The HABS polarization measurements will be evaluated, analyzed, and discussed in detail in a forthcoming paper.
Simulation of high-resolution oxygen A-band spectra
Analyzing the high-resolution spectra measurements and applying them to the retrievals of cloud and aerosol properties require forward radiative transfer calculations to simulate the observed spectra. In the model simulation, the background atmospheric information (e.g., temperature, air pressure, aerosol, etc.) are from observation, and the highresolution solar reference spectrum at the top of the atmosphere (TOA) is provide by Chance and Kurucz (2010) , which can be downloaded from the website of HarvardSmithsonian Center for Astrophysics (http://kurucz.harvard. edu/sun.html). For the measured spectra, each pixel contains spectral response of multiple absorption lines, convolving with the slit function. Therefore, to simulate HABSmeasured spectrum, we need to make radiative transfer calculations in a line-by-line domain. To complete these calculations, vertical profiles of oxygen absorption optical depth are required also in a line-by-line domain. In this study, the oxygen absorption profiles are originally calculated by the line-by-line radiative transfer model (LBLRTM 12.1) (Clough et al., 2005) based on the HITRAN database HI-TRAN2008. However, calculating oxygen absorption optical depth profiles with LBLRTM is very time-consuming (more than 5 h for the entire oxygen A-band by a fast PC). Because the atmospheric structure is always changing with time, frequent recalculation of the oxygen absorption optical depth profiles is required. To reduce the computational cost, it is necessary to develop a fast method to recalculate the oxygen absorption optical depth profiles accurately. Based on the given background atmospheric information, the solar reference spectrum at TOA, and the recalculated oxygen absorption optical depth profiles, we can make radiative transfer calculations in a line-by-line domain. However, running a radiative transfer model in a line-by-line domain is also very time-consuming. To reduce the computational cost for operational retrievals, Duan et al. (2005) developed a fast radiative transfer model by using a double-k distribution approach. Based on this fast radiative transfer model, we developed a HABS simulator to simulate the HABS measurement.
Calculation of oxygen absorption optical depth profiles
As stated previously, the oxygen absorption coefficients are determined by the atmosphere pressure and temperature. Chou and Kouvaris (1986) proposed that the absorption coefficients (k) at wavenumber (v) can be defined as a function of air pressure (p) and temperature (T ) as shown in Eq. (6).
where a 0 , a 1 , a 2 and T mean are previously calculated parameters by fitting three pairs of given (p, T ). In a similar way, the oxygen absorption optical depth (τ ) can be also defined as a function of p and T for any atmospheric layer as shown in Eq. (7).
In this study, all parameters of Eq. (7), that is, a 0 , a 1 , a 2 and T mean , are derived by the results of three or more given atmospheric profiles. In the LBLRTM model, there are six typical geographic-seasonal model atmospheres: tropical model, mid-latitude summer model, mid-latitude winter model, subarctic summer model, subarctic winter model, and United States Standard (1976) model. Based on these six model atmospheres, six sets of oxygen absorption optical depth profiles are calculated in the line-by-line domain. Using three of them (e.g., tropical model, subarctic winter model, and United States Standard model), we derive the three parameters (i.e., a 0 , a 1 , a 2 ) in Eq. (7) for every wavenumber. These derived parameters are stored in a parameter database in the line-by-line domain. The oxygen absorption optical depth profiles for all the six model atmospheres have been recalculated through Eq. (7) with derived parameters and compared with the original LBLRTM calculations. The comparison indicates that the accuracy of the fast parameterization scheme is within 1 % (not shown here) and the computing time is reduced to 0.2 %
Double-k distribution approach
Based on the calculated oxygen absorption optical depth profiles and other observed or derived atmospheric properties (e.g., surface albedo, solar zenith angle, etc.), we use the DISORT model to calculate radiative transfer in the atmosphere. Although the LBLRTM model can be used to simulate the high-spectral-resolution radiance, it is very time-consuming. A fast and accurate forward radiative transfer model is crucial to reduce the computational cost for operational retrievals. Min and Harrison (2004) outlined a k distribution approach for simulating the oxygen A-band spectrum under clear-sky conditions. In their approach, the radiation from absorption and scattering processes of cloud and aerosol is split into the single-and multiple-scattering components: the first scattering component is computed accurately, and multiple scattering (second order and higher) radiance is calculated approximately. Duan et al. (2005) extended and modified this technique to all-sky conditions on the basis of the equivalent theorem with a double-k distribution approach to account for the uncorrelated nature of overlapped absorption lines. In this double-k approach, there are two integrated absorption optical depths: (1) the total absorption optical depth (k), and (2) absorption optical depth from the top of the atmosphere to the scattering layer (k 0 ). They are used together to account for the vertical distribution of gaseous absorption in multiple-scattering media. In this study, we use the DISORT code coupled with the double-k distribution approach to simulate the oxygen A-band spectrum.
HABS fitting model
To simulate the HABS measurements, the model calculated high-resolution spectrum needs to be convolved with the instrument slit function. As stated previously, the measured HABS slit function shows high-performance spectral ability. However, its spectral resolution is much lower than the required spectral resolution of the forward model. To match the model calculated spectra, we interpolate the measured HABS slit function to the model resolution. At the slit function maximum, the choice of interpolating function has substantial impacts on the shape of the slit function (Li and Min, 2012) . In this study, we used the same method as Li and Min (2012) , which has been proven to have the ability to make an accurate fitting calculation: the shapes and wavelength positions of the absorption lines in simulated spectra and observed spectra are well consistent with each other. 
Comparison of HABS measurements with model simulations
As shown in Fig. 8a , MFRSR measurements indicate that 26 July 2011 was a clear day for radiation closure study of HABS. The vertical profiles of air pressure and temperature on that day were provided by the collocated sonde balloon measurements (shown in Fig. 9a and b ). In the model simulation, to be consistent with the oxygen absorption optical depth profiles, the balloon sonde measured profiles are layered into 34 atmospheric layers, with an increment of air pressure of 30 mbar. The aerosol optical depth profile (shown in Fig. 9c ) is estimated from Raman lidar-measured aerosol-scattering ratio profile, for which the total extinction is normalized by the MFRSR-measured aerosol optical depth (shown in Fig. 8b ). The comparisons of measured and simulated direct-beam spectra at the oxygen A-band under different solar zenith angles (SZA) are shown in Fig. 10 . In this study, we use relative difference to quantify the comparison, which is indicated by the ratio of the absolute difference to the observation value. The maximum relative difference between them often occurs at or near strong absorption line centers, which is very sensitive to wavelength shift and has low SNR (Fig. 7b) . At small SZA (e.g., SZA = 27 • ), the confidence interval (95 %) of relative difference is (−0.06, 0.05). At large SZA (e.g., SZA = 72 • ), the SNR at or near strong absorption line centers decreases significantly. The confidence interval of relative difference is (−0.08, 0.09). Figure 11 shows the comparisons of normalized direct-beam radiance of the oxygen A-band spectra versus air mass. In this study, the normalized radiances at five wavelengths are chosen for the analysis (shown in Fig. 11b ). In general, the absolute difference of normalized radiance between observation and simulation is small. The HABS direct-beam measurements and model simulations are basically consistent with each other for different air masses. Meanwhile, for any given wavelength position, the logarithmic values of normalized radiance decreases quasi-linearly with air mass. The slight non-linear part could be caused by several reasons: (1) strong oxygen absorption; (2) temporal variation of atmospheric profiles (e.g., temperature profile, pressure profile, and aerosol profile); and (3) measurement errors associated with the wavelength registration and elevation-azimuth sun tracker accuracy. Figure 12 shows the comparisons of measured and simulated zenith diffuse spectra at the oxygen A-band for different SZAs. The measured zenith diffuse spectra used for comparison are combined by the measurements from 4 polarizer channels (e.g.,
The combined measured spectra have the ability to remove or constrain the impacts of the instrument polarization performance. The difference of normalized radiance between observation and simulation is also quite small. The relative difference of diffuse spectra between observation and simulation is similar to that of direct-beam spectra. With SZA of 27 and 72 • , the confidence intervals of relative differences are (−0.06, 0.05) and (−0.08, 0.07), respectively. In particular, in the wavelength range around the strong oxygen absorption line centers (e.g., range of 763 to 765 nm), we found that the simulated value at the absorption line centers tends to be slightly smaller than observation. This could be caused by two factors: (1) the error of instrument slit function measurement and oxygen absorption line parameters; and (2) Raman scattering effects (Sioris and Evans, 2000) . For the highresolution diffuse-radiation spectrum, Raman scattering occurs in 3 to 5 % of the Rayleigh scattering events. It slightly fills in O 2 A-band, especially at the O 2 absorption line centers. However, the Raman scattering effect is not treated in the current version of HABS simulator, and it will be analyzed in detail in our further studies. In general, the HABS observation and the related model simulation of zenith diffuse radiance at the oxygen A-band are basically consistent with each other.
The relative difference between measurements and model simulation, to some extent, always exists for both direct beam and zenith diffuse radiance. To reduce the difference between observation and simulation for radiation closure, further studies are needed: (1) to have independent measurements of high-resolution O 2 A-band spectrum for cross validating the measurement accuracy; (2) to further evaluate and improve the instrument slit function and performance; (3) to perfect the oxygen absorption line parameters; (4) to improve the radiative transfer model and accuracy of input parameters; and (5) to consider other issues, such as Raman scattering effect.
Discussion and applications of HABS
This HABS provides accurate high-resolution radiance and polarization spectra of both direct beam and zenith diffuse with large dynamic range at oxygen A-band, as shown in Figs. 6 and 7. The concept underlying all oxygen A-band retrievals is the principle of equivalence (Irvine, 1964 (Irvine, , 1966 van de Hulst, 1980) . As a hidden property of standard radiation transfer theory and controlled by spatial distributions of scattering and absorption, photon path length distributions can be retrieved through an inverse Laplace transform based on the equivalence theorem. Because the scattering properties of cloud and aerosol vary slowly and predictably with wavelength and the oxygen A-band is located at a central wavelength of solar shortwave spectrum, the photon path length distribution retrieved from oxygen A-band spectrometry is reasonably representative of the entire solar shortwave. Given the performance of HABS, about four independent pieces of information of photon path length distribution can be retrieved from the measured spectra (Min and Harrison, 2004). The photon path length distributions, the fundamental application of HABS measurements, provide the vertical information of scattering and absorption in the atmosphere.
Detailed knowledge of the vertical distribution of cloud macrophysical/microphysical properties is important to calculate the Broadband Heating Rate Profile, a fundamental driver in climate system (Stephens, 1978; Li and Min, 2010) . However, our current remote-sensing methods for retrieving cloud properties are still uncertain, particularly under 3-D cloud conditions. Li and Min (2010) illustrated that the variance and mean of photon path length from the modest resolution oxygen A-band spectral measurements of rotating shadowband spectrometer (RSS) is sensitive to detect possible "missed" upper layer clouds by a collocated high-sensitivity millimeter wavelength cloud radar (MMCR), that is, at least 27 % of single-layer clouds detected by MMCR radar could be multi-layer clouds or influenced by 3-D effects. Although "missed" cloud layer does not occur all the time, statistical information of "missed" cloud layer is extremely valuable for calculating a broadband heating rate profile. Furthermore, at present validation of broadband heating rate profile and various cloud overlap schemes in GCMs is limited to comparison with the observed cloud cover and radiation fluxes at the top of the atmosphere and at the surface. The representativeness of various statistics of cloud geometry has not yet been tested against observations, particularly the heating profiles associated with vertical distribution of clouds. The closures of radiation fluxes at the top of the atmosphere and at the surface do not ensure the accuracy of the heating profile. The lack of rigorous validation makes it difficult to assess the relative merits of different cloud overlap treatments and broadband heating rate profile products. Photon path length distributions inferred from HABS measurements provide the links between cloud microphysics and 3-D cloud geometry measured from 3-D scanning radars and lidars to understand the 3-D radiative transfer in the atmosphere and its impacts on remote sensing. Higher moments of photon path length distribution derived from high-resolution oxygen A-band spectrometer of HABS will provide vertical constraints to ensure the accuracy of heating profiles. Therefore, we will further exploit the HABS applications through the joint statistic approach (photon path length and optical properties derived from radiance/irradiance at non-absorbing wavelengths), which provides a unique means to detect the 3-D structures of clouds and aerosols and to validate broadband heating profiles and GCM overlap schemes in both instantaneous cases and statistical ensembles (Min and Harrison, 1999; Min et al., 2001; Min and Clothiaux, 2003) .
The current remote-sensing techniques are unable to detect all relevant information to derive cloud microphysical and optical properties. All retrievals from those measurements with limited information have to make some assumptions. Those assumptions may introduce some uncertainties. An important challenge is to reduce ambiguity and uncertainty by minimizing and/or constraining those assumptions in retrievals. It is advantageous to combine HABS with other sensors, in particular, with active lidar and radar systems to enhance the information content. For example, cloud radar signal is capable of penetrating clouds and revealing multiple layers aloft. However, the observed radar reflectivity is a function of the sixth moment of the hydrometeor particle-size distribution. It requires an assumption of particle-size distribution to retrieve cloud water content (the third moment of the hydrometeor particle-size distribution) for practical applications from radar reflectivity. As the pressure dependence of oxygen A-band absorption line parameters provides vertical resolving power and photon path length information inferred from oxygen A-band spectra is a function of the second moment of particle-size distribution, HABS-measured oxygen A-band spectra can be used to better constrain the assumed particle-size distribution of radar retrievals, particularly for multi-layer clouds and for mixed-phase clouds (Li and Min, 2013) . Since HABS provides at least four additional pieces of independent information on cloud-aerosol properties, we would expect to get more accurate cloud and aerosol microphysical/optical profiles than the current existed retrievals. With the polarization capability of HABS, combining of HABS observations with lidar measurements provides better retrievals of vertical profiles of aerosols and thin clouds, particularly thin ice clouds.
HABS has another important application to provide the "ground true" for the space-based O 2 A-band observation. Due to photon multiple scattering and absorption inside cloud and aerosol layers, the transmittance and reflectance across O 2 A-band spectrum have different sensitivity with respect to cloud-aerosol optical property and vertical distribution and to surface albedo. Therefore, the transmitted O 2 Aband spectrum observed by HABS is complement of the reflected O 2 A-band spectrum by space-based sensors, in terms of radiation transfer in the atmosphere. The observed radiances from surface HABS not only provide the basis for evaluation and validation of spaced-based O 2 A-band observation, but also enable one to understand the radiation transfer and closure in the atmosphere through the combination of transmitted and reflected O 2 A-band observations. Particularly, the polarization capability of HABS enables the evaluation of the high-resolution O 2 A-band measurements on Orbiting Carbon Observatory-2 (OCO-2) satellite, which only measures one component of polarization of O 2 A-band spectrum.
Summary
The newly developed high-resolution A-band spectrometer (HABS) was evaluated with in-lab tests and through deployment during the NASA Discover-AQ field campaign at HUBC in July 2011. The HABS exhibits excellent performance: stable spectral response ratio, high SNR of 100 at the darkest pixels in the P branch, high-spectrum resolution of 0.016 nm or 0.26 cm −1 , and high out-of-band rejection of 10 −5 . With such specifications, the HABS-measured oxygen A-band spectra is able to derive at least four independent pieces of information (Min and Harrison, 2004) . With an altazimuth tracker fore-optics, the HABS measures both direct beam and diffuse radiances with the same system, enabling better assessments of instrument functions and absorption line parameters and construction of retrieval kernel functions (Min and Clothiaux, 2003) . More importantly, the HABS has the capability to measure the polarization of atmospheric scattering, providing additional information for scattering particle shapes.
The HABS spectra measurements and model simulations are basically consistent with each other. The significant/large relative differences between them mainly occur at or near the strong absorption line centers, which increase with the SZA. For the direct-beam spectra, the confidence intervals (95 %) of relative difference between measurements and simulations are (−0.06, 0.05) and (−0.08, 0.09) for SZAs of 27 and 72 • , respectively. For the zenith diffuse spectra, the confidence intervals of relative difference are (−0.06, 0.05) and (−0.08, 0.07) for SZAs of 27 and 72 • , respectively. In particular, for large SZAs, the simulated zenith diffuse radiance at the absorption line centers tends to be slightly smaller than observed one.
A high-resolution A-band spectrometer is unique and capable instrument for cloud and aerosol detection in the real 3D atmosphere. In the near future, we will (1) further assess and improve the HABS performance; (2) improve the radiative transfer model, including the Raman scattering effect; (3) retrieve the photon path length distribution; (4) explore the polarization capability of HABS for retrieving the optical properties of aerosols and thin clouds; (5) combine the HABS measurements with active sensor (radar and lidar) to retrieve the vertical profiles of aerosol and cloud optical property; and (6) validate the satellite measurements and further understand 3-D radiation transfer in the atmosphere.
